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Response factorAn alternative methodology for simultaneous analysis of majority cis–trans fatty acids such as stearic (C18:0),
elaidic (C18:1t), oleic (C18:1c), palmitic (C16:0), linoleic (C18:2cc) and linolenic (C18:3ccc) by capillary zone elec-
trophoresis (CZE) under indirect detection was proposed in this work. The CZE methodology was optimized
through the 23 central composite design (23 CCD) with three replicates in central point, having as factors Brij
35, acetonitrile and 1-octanol. The background electrolyte (BGE) for the optimum separation condition consisted
of: 15.0 mmol L−1 of NaH2PO4/Na2HPO4 buffer at pH ≈ 6.86, 4.0 mmol L−1 of SDBS, 8.3 mmol L−1 of Brij 35 and
45% v/v of ACN, and 2.1% of 1-octanol was achieved by analyzing of the 23 CCD together with the principal com-
ponent analysis (PCA). The FA quantiﬁcationwas performed through response factor (Rf) approach, which provid-
ed high analytical throughput for the real samples analysis. The CZEmethod optimizedwas successfully applied to
the analysis of FA in samples of olive oil, soy oil, hydrogenated vegetable fat, butter, margarine and ﬁlled cookie.
The results obtained were compared with AOCS GC ofﬁcial method (Ce 1j-07) through paired sample t test and
no signiﬁcant difference was found within 95% conﬁdence interval.
© 2013 Elsevier Ltd. Open access under the Elsevier OA license. 1. Introduction
Fatty acids (FA) are aliphatic monocarboxylic acids which act as the
building lipids blocks. They can be classiﬁed as either saturated fatty
acid (SAFA), monounsaturated fatty acid (MUFA) or polyunsaturated
fatty acid (PUFA) depending on the presence or absence of double
bonds. On the other hand, the physical and chemical characteristics of
FA such as freezing point, solubility and nutritional properties depend
on the numbers of carbon atom, position and conformation (cis–trans
isomers) of the double bond. Most FA which are usually present in the
nature have evennumbers of carbons atoms and long chain FA containing
12 to 22 carbons atoms without ramiﬁcations (Gurr, Harwood, & Frayn,
2002).
The determination of FA is an important quality parameter for several
samples present in everyday life such as edible oils and dairy products.
Nowadays determining the level of cis–trans FA in food is a requirement
of the governmental health agencies, since it is necessary to give people
information about lipid composition in the food they are eating, especial-
ly for those who have health problems like heart disease, obesity and
hypertension. Thus, the development of new or alternative, rapid,a, Instituto de Ciências Exatas,
5 32 21023310; fax: +55 32
. de Oliveira).
e Elsevier OA license. efﬁcient, precise and reliable methods for FA analysis is very important
(Ascherio et al., 1994).
The classical separation technique for FA analysis is the gas chroma-
tography with ﬂame ionization detector (GC-FID). This FA methodology
analysis involves ﬁrstly lipid fraction extraction, saponiﬁcation reaction
and then derivatization of the total FA content into fatty acid methyl
esters (FAME) before injection in the GC-FID equipment (Bailey-Hall,
Nelson, &Ryan, 2008; Ichihara et al., 2002; Lepage&Roy, 1984).However,
others FA analysis methods can be applied such as high performance
liquid chromatography under UV detection (HPLC-UV) which uses
derivatization reactions with phenacyl and naphthacyl esters (Jordi,
1978), thin layer chromatography impregnated with silver (HPLC-Ag+),
fourier-transform infrared (FTIR) (Al-Alawi & Voort, 2004; Voort &
Ismail, 1995) and infrared total attenuated reﬂectance (ATR-IR) have
been reported in the literature (Mossoba, Yurawecz, &McDonald, 1996).
Since the 1990s, long chain FA analysis by capillary electrophoresis
(CE) has aroused interest in the scientiﬁc community due to its versatility,
short analysis time and absence of derivatization reaction in sample
preparation procedure. Several different matrixes such as oils, fats, foods
and biological samples can be analyzed by this method. Among the CE
methodologies used to FA analysis different modes and detection possi-
bilities can be highlighted such as non-aqueous capillary electrophoresis
(NACE) with near-infrared ﬂuorophore detection (Jr & Johnson, 2000),
non-aqueous capillary zone electrophoresis (CZE) combinedwith indirect
ﬂuoresce detection (Wang,Wei, & Liz, 1998), hydroorganic CZE-UVunder
direct or indirect detection (Barra et al., 2012; Castro et al., 2010;Drange&
Table 1
23 CCD matrix containing levels, factors and responses for resolution between critical
pairs C18:1t/C18:1c and C16:0/C18:2cc.
Trial Brij 35 1-octanol ACN RC18:1t/C18:1c RC16:0/C18:2cc
1 −1 −1 −1 1.26 1.05
2 1 −1 −1 0.95 0.97
3 −1 1 −1 1.10 1.05
4 1 1 −1 1.01 1.06
5 −1 −1 1 1.18 1.00
6 1 −1 1 0.96 0.94
7 −1 1 1 1.25 1.00
8 1 1 1 1.05 1.07
9 −1.68 0 0 1.44 1.16
10 1.68 0 0 1.02 1.06
11 0 −1.68 0 1.00 0.99
12 0 1.68 0 0.97 0.97
13 0 0 −1.68 1.01 1.17
14 0 0 1.68 1.09 0.92
15 0 0 0 1.10 1.10
16 0 0 0 0.94 1.04
17 0 0 0 1.20 1.05
Brij 35 (mmol L−1): (−1) 9.0, (0) 10.0, (1) 11.0, (−1.68) 8.3, (1.68) 11.7.
1-octanol (% v/v): (−1) 1.8, (0) 2.0, (1) 2.2, (−1.68) 1.7, (1.68) 2.3.
ACN (% v/v): (−1) 44.0, (0) 45.0, (1) 46.0, (−1.68) 43.3, (1.68) 46.7.
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Gioelli, Polakiewicz, & Tavares, 2003; Porto, Souza, & Oliveira, 2011),
micellar electrokinetic chromatography under UV detection (MECK-UV)
(Collet & Gareil, 1997; Gareil & Collet, 1996) and capillary electrophoresis
with contactless conductivity detection (CE-C4D) (Oliveira, Lago, &
Tavares, 2003; Surowiec, Kamla, & Kenndler, 2004).
Due to the chemical FA features, which are of lowmolar absorptiv-
ity, low solubility in aqueous medium and presence of FA homologues
and isomers, the most common background electrolyte (BGE) systems
used for FA analysis by CE take into account the optimization of variables,Fig. 1. Standard FA electropherograms obtained from 23 CCD (1) C18:0, (2) C18:1 9t, (3) C1
tration of 0.50 mmol L−1 using conditions describe by 23 CCD for ACN, Brij 35 and 1-octanol.
8 with electrophoretic similar proﬁles, C— trials 17, 1, and 7 with similar electrophoretic pro
All electrolytes were added with 4.0 mmol L−1 of SDBS and 15.0 mmol L−1 of buffer NaH2P
rect detection at 224 nm and 25 °C temperature inside the cartridge, TSH capillary with 48such as: buffers like phosphate or Tris/HCl; buffers chromophore like
Tris/p-hydroxybenzoate or p-anisato (Gareil & Collet, 1996); chromo-
phore agents like sodium dodecylbenzenesulfonate (SDBS) (Oliveira,
Solis, et al., 2003); organic solvents like methanol (Liu, Cao, & Chen,
2005), acetonitrile (ACN) (Surowiec et al., 2004) and/or 1-octanol
(Oliveira, Solis, et al., 2003); surfactant agents like sodium dodecyl sulfate
(SDS) (Bohlin, Ohman, Hamberg, & Blomberg, 2003), polyoxyethylene 23
lauryl ether (Brij 35) (Oliveira, Solis, et al., 2003), and chiral selectors like
cyclodextrins (Gareil & Collet, 1996; Liu et al., 2005). Nevertheless, works
in the literature report univariate methods for optimization step, where
each variable of the system is investigated separately while others are
held constant. However, this procedure does not allow the study of
interaction effects among factors considering different levels. Then, the
multivariate approach, in contrast to the univariate one, presents more
comprehensive understanding of the investigated system through simul-
taneous evaluationof variables combinedwith a reducednumber of trials,
which results in less spending of reagents, solvents and laboratory time
(Neto, Scarminio, & Bruns, 2007).
In spite of the excellent methodologies developed for FA analysis by
CE reported in the literature of the last twenty years, according to our
knowledge, none addressed more effort for quantitative considerations
in real sample analysis, or performed comparison with the ofﬁcial
methodology. Within this context, a rapid and efﬁcient methodology
for quantitative analysis of majority cis–trans long chain FA under indi-
rect UV detection by CZE has been optimized, and no derivatization
and extraction procedures for all sample preparation were highlighted.
2. Materials and methods
2.1. Chemicals and materials
All reagents were of analytical grade and the water was puriﬁed by
deionization (Milli-Q system;Millipore, Bedford, MA, USA). The solvents8:1 9c, (4) C16:0, (5) C18:2cc, (6) C18:3ccc, (7) C15:0 and (8) C13:0, all with a concen-
A— trials 12, 2, 6, 11, 16, and 5 with similar electrophoretic proﬁles, B— trials 4, 10, and
ﬁles, D— trials 3, 15, and 14 with similar electrophoretic proﬁles, E— trial 9, F— trial 13.
O4/Na2HPO4. Operational conditions: injection 5 s × 12.5 mbar, voltage +19 kV, indi-
.5 cm long (40 cm effective length) 75 μm I.D and 375 mm O.D.
Table 2
Statistical results for 23 CCD.
RC18:1t/C18:1c RC16:0/C18:2cc
Factor Coeff. Error p-value Coeff. Error p-value
Constant 1.080 0.075 0.005⁎ 1.060 0.018 0.000⁎
X1 −0.112 0.035 0.088 −0.017 0.009 0.195
X2 0.001 0.035 0.986 0.014 0.009 0.257
X3 0.018 0.035 0.652 −0.040 0.009 0.045⁎
X1 X1 0.054 0.039 0.298 0.011 0.010 0.382
X2 X2 −0.032 0.039 0.496 −0.035 0.010 0.066
X3 X3 −0.009 0.039 0.835 −0.012 0.010 0.326
X1 X2 0.030 0.046 0.584 0.027 0.011 0.137
X1 X3 −0.002 0.046 0.962 0.010 0.011 0.472
X2 X3 0.032 0.046 0.556 0.005 0.011 0.703
⁎ Signiﬁcant effects within 95% conﬁdence interval.
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(Merck, Rio de Janeiro, Brazil), hexane, petroleum ether and 1-octanol
(Merck, Rio de Janeiro, Brazil) were purchased with chromatographic
grade. Polyoxyethylene 23 lauryl ether (Brij 35®) and sodium
dodecylbenzenesulfonate (SDBS) were obtained from Sigma-Aldrich
(St. Louis, MO, USA). Reagents such as KOH, H2SO4, NaOH, NH4Cl, and
HCl were obtained fromMerck (Rio de Janeiro, Brazil).
FA standards of C13:0, C15:0, C16:0, C18:0, C18:1 9c, C18:1 9t, C18:2cc
and C18:3ccc were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Individual FA stock solutions at a concentration of 20.0 mmol L−1 were
prepared by dissolving appropriate amounts of the above mentioned
standards in methanol and then they were stored in a freezer until anal-
ysis. A mixture of all of the standards was prepared at concentration of
0.5 mmol L−1 by the appropriate dilutions in MeOH.
Mixture FAME standards containing 37 FAME from 4 to 24 carbon
atoms (Supelco Inc. Bellefonte, PA, USA) with certiﬁcated quantities of
each compound; mixture of cis/trans FAME isomers of 18:2 (cc, ct, tc,
tt) and 18:3 (ccc, cct, ctt, tcc, ttc, tct, ctc, ttt) (Sigma Chemical Co, St
Louis, MO); individual FAME standards about 99% purity (Sigma Chemi-
cal Co, St Louis, MO): elaidic (18:1 9t), 18:1 7c, 18:1 12c, conjugated
linoleic acid (18:2 9c11t and 18:2 10t12c), internal standards (IS): 13:0
and 21:0 were used for experimental set.
Aqueous Brij 35 stock solutionwas prepared byweighing and dissolv-
ing an amount corresponding to 50.0 mmol L−1 in a 100.0 mLvolumetric
ﬂask. Amass of sodium hydroxide (NaOH) corresponding to 0.5 mol L−1
was weighed and dissolved in a 100.0 mL volumetric ﬂask and the vol-
ume was ﬁlled with MeOH. Aqueous sodium dodecylbenzenesulfonate
(SDBS) stock solution was prepared by weighing and dissolving a mass
corresponding to 100.0 mmol L−1 in a 100.0 mL volumetric ﬂask.Fig. 2. PCA plots: scoAqueous buffer stock solutions at concentrations of 100.0 mmol L−1
were prepared from amass of sodiumphosphatemonobasic (NaH2PO4);
corresponding to 50.0 mmol L−1 and 50.0 mmol L−1 of sodium phos-
phate dibasic (Na2HPO4); which were weighed and dissolved in a
250.0 mL volumetric ﬂask. Phosphate buffers and the Brij 35 stock solu-
tions were kept in a freezer to prevent mold formation. The fresh work-
ing electrolyte solution was prepared by the appropriate dilutions of
stocks and the incorporation of solvents.
The olive oil (OO), soy oil (SO), hydrogenated vegetable fat (HVF),
butter (BT), margarine (MG) and ﬁlled cookie (FC) and bovine liver
(BL) samples were acquired from local store.
2.2. Instrumentation
2.2.1. Capillary electrophoresis system
Separation optimization experiments were conducted using a CE
system (HP3d CE, Agilent Technologies, Palo Alto, California, USA)
equipped with a diode-array detector, with indirect detection (inverted
peak: 400 (±2) nm in sample and 224 (±2) nm in reference), the
temperature control device (set at 25 °C) and the data acquisition and
treatment software (HPChemStation, rev A.06.01). Sampleswere hydro-
dynamically injected (12.5 mbar for 5 s) and the electrophoretic system
was operated under normal polarity and constant voltage (+19 kV);
manual integration using peaks baselines. For all the experiments, a
fused-silica capillary tube with ﬂuoro-polymer external (TSH) coating
was used: (Polymicro Technologies, Phoenix, AZ, USA) 48.5 cm long
(40 cm effective length) 75 μm of internal diameter (I.D) and 375 mm
of outside diameter (O.D).
2.2.2. Gas chromatography
The mixture FAME prepared was analyzed by a Shimadzu GC 17A
model, with ﬂame ionization detector (FID) using a capillary fused silica
column containing a cyanopropyl polysiloxane stationary phase (CP-
7420TM, 100 m × 0.25 mm id, 0.25 μm ﬁlm thickness — Agilent, USA).
The chromatographic conditions were optimized, including for trans
fatty acids analysis, with a programmed column temperature: 45 °C for
4 min; increase of 12 °C min−1 to 175 °C (held for 27 min); then there
was an increase of 4 °C min−1 to 215 °C (held for 35 min). The temper-
ature of injector and detectorwas set at 250 °C, the carrier gaswas hydro-
gen and the columnpressurewas 175 kPa (AOCS, 2008). The compounds
were identiﬁed by standard co-injection and relative retention time to IS.
Appropriate response factors were employed to convert the FAME area
percentage into a true weight percentage. The corrected response for
each FAME was calculated theoretically, expressed in terms of the re-
sponse to methyl palmitate to BT, MG, FC and methyl heneicosanoate tores and loading.
Fig. 3. (A) Fatty acid standard electropherogram of (1) C18:0 — 0.50 mmol L−1, (2) C18:1 9t — 0.50 mmol L−1, (3) C18:1 9c — 0.90 mmol L−1, (4) C16:0 — 0.50 mmol L−1,
(5) C18:2cc — 0.90 mmol L−1, (6) C18:3ccc — 0.50 mmol L−1, (7) C13:0 (PI) — 0.50 mmol L−1 in 224 nm. (B) Fatty acid standard electropherogram of (1) C18:0 — 0.50 mmol L−1,
(2) C18:1 9t — 0.50 mmol L−1, (3) C18:1 9c — 0.90 mmol L−1, (4) C16:0 — 0.50 mmol L−1, (5) C18:2cc — 0.90 mmol L−1, (6) C18:3ccc — 0.50 mmol L−1, (7) C13:0
(PI) — 0.50 mmol L−1 in 206 nm, where it is possible to verify polyunsaturated peak inversion. Operational conditions: injection 5 s × 12.5 mbar, +19 Kv applied voltage, 25 °C cartridge
temperature and indirect detection at 400 (±2) nm in sample and 224 (±2) nm in reference (inverted peak), TSH capillary with 48.5 cm long (40 cm effective length) 75 μm I.D and
375 mm O.D. Electrolyte: 15.0 mmol L−1 of NaH2PO4/Na2HPO4 at pH 6.86, 4.0 mmol L−1 of SDBS, 8.3 mmol L−1 of Brij 35, 45% v/v of ACN and 2.1% of 1-octanol.
36 P.M. de Castro Barra et al. / Food Research International 52 (2013) 33–41SO and OO (Lutz, 2005). Fatty acids were determinate by the addition of
13:0 FAME as internal standard in HVF, BT, MG and FC, and FAME 21:0
as internal standard in SO and OO. The results were expressed in
g/100 g and themethod precisionwas evaluated by relative standard de-
viation (%RSD) (two genuine replicates).
2.3. Sample preparation
2.3.1. Capillary electrophoresis
Approximately 150 mg of each sample (OO, SO, HVF, BT, MG, FC and
BL) was saponiﬁed separately with 2.0 mL of a methanolic NaOH solu-
tion (0.5 mol L−1) in a heated water bath (75–80 °C) for 25 min. Then
the saponiﬁcation content dissolved was diluted in a volumetric ﬂask
of 10.0 mL. Before CE injection 30 μL of OO; 150 μL of SO; 80 μL of
HVF; 30 μL of BT; 100 μL of FC and 400 μL of BL were diluted separately
in methanol in a volumetric ﬂask of 1.0 mL. It is important to stress
that when it was observed solid residue into the saponiﬁcation ﬂask,
this solid residue was subtracted from the original mass weighed before
the ﬁnal calculation.
2.3.2. Ofﬁcial method by gas chromatography
Samples of OO, SO, HVF, BT, and MG were directly methylated by
Hartman and Lago (Hartman & Lago, 1973) procedure and lipid fraction
from FC was extracted by Soxhlet method (Lutz, 2005). All the samplesTable 3
Values used to regression model implementation with genuine replicates.
CFA/C[C13:0] C18:0 C18:1t C18:1c C16:0 C18:2cc 18:3ccc
0.3 0.11 0.10 0.13 0.12 0.09 0.17
0.3 0.11 0.10 0.12 0.12 0.11 0.17
0.3 – – – – – –
0.6 – 0.18 0.28 0.36 0.31 0.51
0.6 – 0.17 0.29 0.35 0.34 0.55
0.6 – – 0.28 0.36 0.36 0.54
1 0.45 0.31 0.54 0.63 0.54 0.85
1 0.50 0.37 0.49 0.61 0.52 0.90
1 – – – – 0.57 –
1.4 0.75 0.60 0.77 0.87 0.80 1.17
1.4 0.60 0.63 0.73 0.84 0.84 1.20
1.4 – – – – 0.70 1.10
1.8 – 0.83 0.96 1.03 0.92 1.34
1.8 0.80 0.85 1.11 1.03 1.10 1.39
1.8 0.84 0.75 – – 1.10 1.52
2.2 – 1.02 1.19 1.21 1.24 1.86
2.2 1.04 0.99 1.26 1.38 1.37 –
2.2 1.02 1.06 1.22 – 1.29 –
CFA/C[C13:0]: mmol L−1; [C13:0] ﬁxed in 0.50 mmol L−1.were grounded and homogenized before preparation steps and they
were analyzed in genuine duplicate.
2.4. Statistical analysis
The statistical tests such as normality, homoscedasticity and indepen-
dence were performed in SPSS 8.0 for windows software. The lack of ﬁt
analysis was performed in Microsoft Ofﬁce® Excel software. Finally,
principal component analysis (PCA) was performed in Statistica 6.0
software.
2.5. Analytical procedures
Before use, new capillaries were conditioned by pressure ﬂushing
with 1.0 mol L−1 NaOH (30 min), deionized water (5 min) and elec-
trolyte solution (10 min). In between runs, capillaries were regen-
erated by washing with 0.2 mol L–1 NaOH (2 min), deionized water
(2 min) and fresh electrolyte solution (3 min, pressure ﬂush). This
conditioning procedure was found to be critical for ensuring peak
area and migration time repeatability, and for preventing deleterious
solute adsorption to the capillary wall.
3. Results and discussion
3.1. Electrolyte optimization
In 2003 Tavares group carried out an excellent work involving
simultaneous separation of cis–trans fatty acids by CZE using SDBS,
1-octanol and Brij 35 as additives in BGE (Oliveira, Solis, et al., 2003).
However, at that moment it was not possible to perform deep quanti-
tative considerations because of problems related to adsorption in the
capillary inner wall. These problems caused the reduction of the
resolution due to widening of separated bands and lack of peak area
and migration time repeatability. For those reasons, the causes for
the absence of repeatability were investigated by Oliveira Group in
2007 (Balesteros et al., 2007) and the results conﬁrmed the suspicion
that the dissolution of the polyimide coating by the electrolyte caused
a deleterious effect in the separation. The condition used to overcome
the problem was to remove a certain portion of the polyimide coating
from the inlet and outlet capillary extremity (1.5 cm), long enough to
prevent the contact of the polyimidewith the electrolyte solution. This
procedure is complicated since the life time of capillary decreases
because it allowsmore capillary break occurrence during the cartridge
ﬁt into CE equipment. Within this context, a new investigation for
simultaneous analysis of majority cis–trans FA by CZE using a fused-
Table 4
Statistical results: lack of ﬁt model and Rf calculated for each FA.
FA Fcalc Ftab Slope Intercept r
C18:0 0.39 5.41c 0.477(±0.021) −0.018(±0.033) 0.999
C18:1t 2.89 3.84b 0.506(±0.018) −0.103(±0.027) 0.992
C18:1c 2.54 3.84b 0.555(±0.021) −0.046 (±0.021) 0.984
C16:0 2.36 3.84b 0.589(±0.022) −0.028(±0.030) 0.960
C18:2cc 0.43 3.36a 0.626(±0.022) −0.0736(±0.031) 0.999
C18:3ccc 3.04 3.84b 0.818(±0.032) −0.002(±0.042) 0.991
υ1:numerator freedom degree; υ2: denominator freedom degree.
a Ftab(υ1 = 4, υ 2 = 11).
b Ftab(υ1 = 4, υ2 = 8).
c Ftab(υ1 = 3, υ 2 = 5).
37P.M. de Castro Barra et al. / Food Research International 52 (2013) 33–41silica capillary tube with ﬂuoro-polymer external (TSH) coating was
proposed taking into account SDBS, 1-octanol and Brij 35 added into
the BGE. The TSH capillary ismore abrasion resistant and offers unique
solvent resistance properties.
Thus a 23 central composite design (CCD) containing three factors
and two main levels added to six axial levels and three central point,
totalizing seventeen issues was performed in order to optimize the
simultaneous separation of C18:0, C18:1t, C18:1c, C16:0, C18:2cc and
C18:3ccc for the quantitative approach. The factors considered in the
investigation were Brij 35, ACN and 1-octanol. In the present case the
factor Brij35 has inﬂuence in cis–trans pair separation and ACN toTable 5
FA analysis results by CE and GC.
Samples C18:0 C18:1t C18:1c
CE GC CE GC CE
SO 1 3.07 3.44 – – 25.67
SO 2 3.19 3.19 – – 25.92
Mean 3.13 3.32 – – 25.80
Standard deviation 0.09 0.18 – – 0.18
OO 1 3.62 3.47 – – 73.66
OO 2 3.25 3.64 – – 73.61
Mean 3.44 3.56 – – 73.64
Standard deviation 0.26 0.12 – – 0.04
BT 1 7.66 8.23 2.82 2.86 16.63
BT 2 8.50 8.56 2.80 2.82 17.63
Mean 8.08 8.40 2.81 2.84 17.13
Standard deviation 0.59 0.23 0.01 0.03 0.71
MG 1 3.33 3.44 2.03 2.21 5.659
MG 2 3.83 3.54 2.71 2.22 5.971
Mean 3.58 3.49 2.37 2.22 5.82
Standard deviation 0.36 0.07 0.49 0.01 0.22
HVF 1 9.06 8.85 26.4 26.65 25.55
HVF 2 8.61 9.18 26.7 25.47 26.64
Mean 8.84 9.02 26.55 26.06 26.09
Standard deviation 0.32 0.23 0.24 0.83 0.77
FC 1 2.99 3.02 5.51 5.56 5.822
FC 2 3.28 3.46 5.27 5.38 5.711
Mean 3.14 3.24 5.39 5.47 5.77
Standard deviation 0.20 0.31 0.17 0.13 0.08
Shapiro–Wilk testa 0.547
0.011
0.679
t testa 0.090
0.484
0.128
Pearson correlation 0.995
0.999
0.999
–: absent in the sample.
nd: lower of limit of detection.
nq: lower of limit of quantiﬁcation.
Note: All FA content by CE and GC was expressed in g/100 g of sample.
SO: soy oil, OO: olive oil, BT: butter, MG: margarine, HVF: hydrogenated vegetable fat, FC:
a p-values.guarantee the dissolution of the fatty acids in hydroorganic system
that is, to avoid FA micelles formation among themselves. Finally,
1-octanol acts as co-solvent to help in the separation between FA that
has the same equivalent chain length (ECL), such as C16:0 and
C18:2cc (Oliveira, Solis, et al., 2003).
FA standards of C18:0, C18:1 9t, C18:1 9c, C16:0, C18:2cc, C18:3ccc,
C15:0 and C13:0 were used in the separation performance study. In
order to reduce signiﬁcantly the imprecision related with injection and
to ensure better reproducibility and greater control over the sample
amount injected, the use of an internal standard (IS) in the quantitative
analysis is generally preferred. In the present case, C13:0 and C15:0
were considered as possible IS. Other variables such as voltage, cartridge
temperature, injection time, capillary dimensions, wavelength, concen-
tration of FA mixture standard, and other electrolyte constituents such
as SDBS and phosphate buffer concentration were kept constant.
Table 1 shows the 23 CCD containing contrast coefﬁcients matrix, levels,
factors and responses considered. The responses evaluated took
into account the resolution between critical pairs C18:1 9t/C18:1 9c
and C16:0/C18:2cc since other FA adjacent pairs have not presented
resolution problems. Fig. 1 shows the representative electropherograms
obtained from 23 CCD experimental designs.
By analyzing the results obtained from 23 CCD (Table 1) it is possible
to observe that through resolution calculation it was not possible to
achieve full separation of the simultaneous critical pairs considered, that
is, C18:1 9t/C18:1 9c and C16:0/C18:2cc, although experiment 9 has notC16:0 C18:2cc C18:3ccc
GC CE GC CE GC CE GC
25.9 11.15 11.07 46.76 49.03 4.55 5.30
25.3 10.93 11.15 47.19 48.20 4.89 5.26
25.60 11.04 11.11 47.98 48.62 4.72 5.28
0.46 0.16 0.06 0.31 0.59 0.25 0.03
73.1 10.11 10.22 7.03 6.97 0.65 0.66
72.9 10.13 10.20 6.29 6.91 0.69 0.69
73.00 10.12 10.21 6.80 6.94 – –
0.09 0.01 0.02 0.53 0.04 – –
16.34 18.57 19.00 0.96 1.06 nq 0.28
16.10 18.36 18.59 0.98 0.97 nq 0.27
16.22 18.46 18.79 0.99 1.02 – –
0.17 0.15 0.23 0.01 0.06 – –
5.58 2.285 2.43 5.44 5.27 0.69 0.61
6.18 2.123 2.28 5.32 5.85 0.65 0.63
5.88 2.20 2.36 5.49 5.56 0.67 0.62
0.42 0.11 0.11 0.09 0.41 0.03 0.01
26.2 17.14 16.5 5.89 5.69 nd 0.07
26.8 16.64 17.3 5.57 6.17 nd 0.07
26.53 16.89 16.88 5.85 5.93 – –
0.45 0.35 0.60 0.23 0.34 – –
5.36 4.387 4.41 2.42 2.03 nd 0.12
5.4 4.065 4.09 2.41 2.08 nd 0.13
5.38 4.23 4.25 2.11 2.02 – –
0.03 0.23 0.23 0.50 0.01 – –
0.163 0.022
0.047
0.288 0.317
0.529
0.998 0.999
0.999
ﬁlled cookie.
Fig. 4. Standard fatty acid electropherogramof (1) C18:0, (2) C18:1 9t, (3) C18:1 9c, (4) C16:0, (5) C18:2cc, (6) C18:3ccc, (7) C13:0 (PI), all with concentration of 0.50 mmol L−1. B— soy oil,
C— olive oil, D— butter, E—margarine, F— ﬁlled cookie, G— hydrogenated vegetable fat and H— bovine liver. Operational conditions: injection 5 s × 12.5 mbar, +19 Kv applied voltage,
25 °C cartridge temperature and indirect detection at 400 (±2) nmin sample and 224 (±2) nmin reference (inverted peak), TSH capillarywith 48.5 cm long(40 cmeffective length)75 μm
I.D and 375 mm O.D. Electrolyte: 15.0 mmol L−1 of NaH2PO4/Na2HPO4 at pH 6.86, 4.0 mmol L−1 of SDBS, 8.3 mmol L−1 of Brij 35, 45% v/v of ACN and 2.1% of 1-octanol.
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is 1.44 for C18:1 9t/C18:1 9c and 1.16 for C16:0/C18:2cc. On the
other hand, the conventional calculation of the 23 CCD depicted in
Table 2 has not achieved relevant information for separation, since
only the ACN effect was considered signiﬁcant within 95% interval
(p-value lower than 0.05) for the critical pair C16:0/C18:2cc. As
conventional calculation from 23 CCD has not presented signiﬁcant
information, a study involving principal component analysis (PCA)
was performed (Fig. 2). The scores and loading plot obtained
through the PCA give information about the objects and variables
respectively. Thus, the scores represent the set of 17 experiments
performed while the loading factors investigated Brij 35, 1-octanol
and ACN. Through analysis of the score plot it was observed that
the experiment 9 remained really separated in comparison with
the other experiments, because it presents better resolution results
in comparison with other issues for two critical pairs considered si-
multaneously. On the other hand, through analysis of the loading
plot it was possible to observe that the critical pairs are inﬂuenced
directly by variable 1-octanol. Table 2 shows statistical results for
23 CCD.
Thus, from this result a new trial of experiment was performed
keeping the variables Brij 35 and ACNwith ﬁxed levels according to
experiment 9 and varies only 1-octanol in the range from 2.0 to
2.2% v/v with increment of 0.1% v/v, since for all results from issues
performed in values below 2.0% v/v of 1-octanol in the 23 CCD the
resolution found was distant of 1.5. So, after the experimental
trial was performed, the best response was obtained with the
value 2.1% v/v n-octanol according to Fig. 3 which was obtained
at 224 nm and 206 nm. The wavelength 206 nm is very interesting
to help in identifying linoleic and linolenic acids since they present
two or more unsaturations in hydrocarbon chain and they present posi-
tive peak signal because in this wavelength the FA molar absorptivity is
higher than the chromophore (SDBS). So, the background electrolyte
optimized that is able to perform simultaneous baseline separation of
C18:0, C18:1 9t, C18:1 9c, C16:0, C18:2cc, C18:3ccc and C13:0 acids con-
sists of 15 mmol L−1 of NaH2PO4/Na2HPO4 at pH 6.86, 4.0 mmol L−1 of
SDBS, 8.3 mmol L−1 of Brij 35, 45% v/v of ACN and 2.1% of 1-octanol.3.2. Response factor (Rf) calculation
The proposal for FA quantiﬁcation in the real samples was based on a
statistical study which involved the Rf calculation using C13:0 as IS
(Castro et al., 2010), since C15:0 has presented migration time very
close or equal to C18:3ccc becoming inadequate for this use. In order to
calculate Rf, a random experiment in genuine replicates using C18:0,
C18:19t, C18:19c, C16:0, C18:2cc, C18:3ccc standards solutionwith rang-
ing concentrations at 0.15, 0.30, 0.50, 0.70, 0.90 and 1.10 mmol L−1 and
ﬁxed C13:0 concentration at 0.5 mmol L−1 was carried out.
The regression model was implemented through the linear least-
square regression by internal standard approach. The homoscedasticity
in the residues was veriﬁed by Levene (different numbers of replicates
into the same level) or Cochran's test (same numbers of replicates into
the same level) and independency was veriﬁed by Durbin–Watson test.
In the present case, the analytical curves of C18:1c, C16:0 and C18:2cc
acids have presented heteroscedasticity behavior, and the use of weight-
ed least-square regression was mandatory (Massart et al., 1997). After
regression implementation it was necessary to verify lack of ﬁt into the
model through a priori test hypothesis (ANOVA) (Danzer & Currie,
1998; Faria, Souza, & Oliveira, 2008). This test consists of comparing the
deviations of the means from the calibration line in the residual standard
deviation (syx) with the values of y from their means by using Eq. (1),
wheremi is the number of measurement, p is the calibration points and
m is the product between p and mi. The test is carried out by the
comparison between Fcalculated and Fα: f1 = p − 2; f2 = m − p (Fcritical).
If Fcalculated ≥ Fcritical, the linear model cannot be applied. In the present
case, the regression model diagnosis was satisfactory with no lack
of ﬁt because the value of Fcalculated is lower than Fcritical for all
fatty acids in 95% conﬁdence interval. The values used to regression
model implementation were summarized in Table 3.
Fcalc ¼
S2y;x
S2y
¼
Xp
i¼1
mi yi−y^ið Þ2= p−2ð Þ
Xp
i¼1
Xmi
j¼h
yij−yi
 2
= m−pð Þ
: ð1Þ
Fig. 5. Chromatograms of samples by GC ofﬁcial methodology. A — olive oil, B — hydrogenated vegetable fat, C — margarine, D — ﬁlled cookie, E — butter, F — soy oil.
Operational conditions: programmed column temperature: 45 °C for 4 min; increase of 12 °C min−1 to 175 °C (held for 27 min); then there was an increase of
4 °C min−1 to 215 °C (held for 35 min). The temperature of injector and detector was set at 250 °C, the carrier gas was hydrogen and the column pressure was
175 kPa.
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arity test was considered satisfactory in the concentration range studied
and the Rfs found were 0.477, 0.506, 0.555, 0.589, 0.626 and 0.818 for
C18:0, C18:1 9t, C18:1 9c, C16:0, C18:2cc, C18:3ccc respectively, as
summarized in Table 4.The quantiﬁcation procedure involved the calculation of Rf as
described by the following mathematical expression:
AFA
FA½  ¼ Rf
AC13:0
C13 : 0½  ð2Þ
Fig. 6. Analytical throughput comparative scheme between CE and GC methods.
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tration inmmol L−1 for each fatty acid and [C13:0] is the IS concentration
ﬁxed in 0.5 mmol L−1.
Since the regression model diagnosis was considered satisfactory, the
slope could be used as Rf in Eq. (2), as long as the C13:0 at 0.5 mmol L−1
is used, the concentration of each FA remaining is incognito. FA per-
centage in the sample was carried out through Eq. (3), obtained after
rearranging Eq. (2):
%FA ¼ AFA⋅ C13 : 0½ ⋅V⋅MWFA
Rf ⋅AC13:0⋅m
⋅100 ð3Þ
where: AFA is the area for each FA, AC13:0 is the IS area, [FA] is each FA
concentration in mmol L−1, [C13:0] is the IS ﬁxed concentration of
0.5 mmol L−1, V is the volume in liters, m is the sample mass in milli-
grams, Rf is the response factor (ﬁtted model slope), and MWFA is the
molecular weight for each FA.Table 6
CE performance comparison fatty acids analysis with other reported analytical methods.
Detection
technique
Pretreatment method Sample Analysis
time (min)
Fatty a
NACE with a
near-infrared
ﬂuorophore
detection
Derivatization with N,N′
dicyclohexylcarbodiimide
(DCC)
Standard mixture 10.0 C18:0,
9c, C18
C18:3c
Hydroorganic
CZE-UV
with indirect
detection
Saponiﬁcation Hydrogenated oils 10.0 C18:0,
C16:0,
and C1
Hydroorganic
CZE-UV
with direct
detection
Extraction by folch and
saponiﬁcation
Eggs 10.0 C18:1c
C22:6c
and C2
MECK-UV Fatty acid stock sample
solutions were prepared
in methanol
Standard mixture 4.5 C20:0,
9c, C16
C18:3c
and C1
CE-C4D Saponiﬁcation Babassu coconut 15.0 C8:0, C
C11:0,
C16:0,
and C2
Hydroorganic
CZE-UV with
indirect
detection
Saponiﬁcation Olive oil, soy oil,
hydrogenated
vegetable fat, butter,
margarine and
ﬁlled cookie
9.0 C18:0,
C16:0,
C18:3c3.3. Comparison between CE and GC Methods
In order to check the CE methodology reliability for the FA analysis,
the OO, SO, HVF, BT,MG and FC sampleswere analyzed in genuine dupli-
cate and the results were compared to the AOCS ofﬁcial GC method Ce
1j-07 (AOCS, 2008). Table 5 shows statistical results (Shapiro-Wilk
normality test and paired sample t test) for CE and GC. For normality
test no signiﬁcant difference was found for 95% and 99% conﬁdence
interval, because p-values found were higher than 0.05 and 0.01
respectively. According to paired sample t test no evidence of signiﬁcant
difference between the two methodologies was observed in the 95%
conﬁdence interval (p-value > 0.05).
In order to show the potential of the methodology for biological
sample analysis, a preliminary study involving bovine liver sample was
performed taking into account the same procedure used to the above
samples cited. The FA contents obtained through genuine duplicate
analysis were equal to C18:0 0.783 (±0.041) g/100 g; C18:1c 0.352
(±0.015) g/100 g; C16:0 0.454 (±0.003) g/100 g and C18:2cc 0.556
(±0.014) g/100 g. In spite of positive signal, these results can be consid-
ered incipient and a deep investigation must be performed.
Fig. 4 shows the electropherograms obtained from the analysis of
standards and the samples above mentioned. It is noteworthy that FA
analysis was performed in indirect detection and sample peak integra-
tion was performed at 400 nm with reference wavelength at 224 nm
and that is why the peaks are inverted.
Fig. 5 shows the chromatograms obtained from the analysis of the
samples above mentioned.
Making clear that the attractive CE developed methodology in
comparison with AOCS ofﬁcial GC method Ce 1j-07 in relation to
analysis time, amount of chemical reagents necessary and analytical
throughput, a comparative scheme was built and it is shown in Fig. 6.
So, taking into account a usual FA analysis, that is, from preparation
steps of samples until quantiﬁcation results in real sample, CE is possible
to perform6 samples analysis within 120 minwhile throughGCmethod
6 samples are around 10 h according to AOCS ofﬁcial GC method Ce
1j-07 (AOCS, 2008).
Table 6 shows CE performance FA analysis methodology developed
in this work in comparison with other reported analytical methods forcids Remark Ref.
C18:1 6c, C18:1
:2cc and
cc.
Certain degree of modeling of
fatty acid behavior and
resolution of saturated
FA has been achieved.
(Jr & Johnson, 2000)
C18:1 9c, C18:1 9t,
C18:2cc, C18:3ccc
2:0.
Cis–trans qualitative
analysis.
(Oliveira et al., 2003)
; C18:2cc;
ccccc; C18:3ccc
0:5ccccc.
Cis homologues quantitative
analysis, short analysis time
and no derivatization steps.
(Porto et al., 2011)
C18:0, C18:1
:0, C18:2cc,
cc, C14:0
4:1.
Fast analysis. (Collet & Gareil, 1997)
9:0, C10:0,
C12:0, C14:0,
C18:0, C18:2cc
0:0.
Absence of chromophoric agent,
coelution between C16:0
and C18:2cc and high
sensitivity.
(Oliveira, Lago, & Tavares, 2003)
C18:1 9t, C18:1 9c,
C18:2cc and
cc.
Cis–trans quantitative analysis,
no extraction and derivatization
step, high throughput and
comparison with
GC ofﬁcial method.
This work
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highlighted, such as the analysis of C18:0, C18:1 6c, C18:1 9c, C18:2cc
and C18:3ccc standards by non-aqueous capillary electrophoresis
(NACE) with near-infrared ﬂuorophore detection, which presented
certain degree of modeling of fatty acid behavior and resolution of
saturated FA as advantages; the analysis of C18:1c; C18:2cc; C22:6cccccc;
C18:3ccc and C20:5ccccc in egg samples by hydroorganic CZE-UV with
direct detection, which presented short time analysis and cis homologues
quantitative analysis as advantages of this method; and other methods
which are described in details in Table 6.
4. Conclusions
An alternative CEmethodology for simultaneous quantitative analy-
sis of majority cis–trans FA has been optimized. Six different samples
were analyzed and it was veriﬁed that the CE method optimized in
comparison with AOCS ofﬁcial GC method Ce 1j-07 has presented no
signiﬁcant difference within 95% conﬁdence interval. Besides, the CE
methodology presents simple sample preparation step, that is, absence
of extraction and derivatization procedures; short analysis time; low
organic solvent consumed; common reagents for electrolyte back-
ground preparation; use of non-speciﬁc columns and high analytical
throughput. This way, capillary electrophoresis must be a very useful
technique for studying the usual cis–trans FA analysis in variety
matrixes.
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